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Abstract 17 
 18 
Measurement of atmospheric sub-10 nm nanoparticle number concentrations has been of substantial 19 
interest recently, which, however, is subject to considerable uncertainty. We report a laboratory 20 
characterization of a high flow differential mobility particle sizer (HFDMPS), which is based on the Half-21 
mini type differential mobility analyzer (DMA) and nano condensation nuclei counter (A11), and show 22 
the first results from atmospheric observations. The HFDMPS utilizes the state-of-the-art aerosol 23 
technology, and is optimized for sub-10 nm particle size distribution measurements by a moderate 24 
resolution DMA, optimized and characterized low-loss particle sampling line and minimal dilution in 25 
the detector. We present an exhaustive laboratory calibration to the HFDMPS and compare the 26 
measured size data to the Hyytiälä long-term DMPS and Neutral cluster and ion spectrometer. The 27 
HFDMPS detects about two times higher 3-10 nm particle concentrations than the long-term DMPS, 28 
and the counting uncertainties are halved as compared to the long-term DMPS. The HFDMPS did not 29 
observe any sub-2.5 nm particles in Hyytiälä, and the reason for that was shown to be the inability of 30 
diethylene glycol to condense on such small biogenic particles. Last, we discuss the general 31 
implications of our results to the sub-10 nm DMPS based measurements. 32 
 33 
1 Introduction 34 
 35 
A Differential / Scanning Mobility Particle Sizer (DMPS/SMPS) (Wiedensohler et al. 2012) is the most 36 
commonly used instrument to obtain particle number size distributions. DMPS systems are operated 37 
continuously in more than 30 sites around the world (Aalto et al. 2001; Asmi et al. 2013; Dada et al. 38 
2017; Rose et al. 2015; Tuch et al. 1997; Wehner and Wiedensohler 2003). Usually a DMPS system 39 
measures the particle number size distribution between 10 and 800 nm, while some ultrafine DMPS 40 
systems extend down to 3 nm. The particle size distribution is used to infer various derivative 41 
parameters, such as particle surface area, formation and growth rate, and condensation sink (Kulmala 42 
et al. 2012). These parameters are used in studies on the effects of aerosol particles to climate and 43 
human health. Overall, the aerosol number size distribution is a versatile parameter in atmospheric 44 
and aerosol science and therefore accurate size distribution measurements are of great interest. 45 
The traditional DMPS system consists of a sampling line, aerosol charger, differential mobility 46 
analyzer (DMA), condensation particle counter (CPC), and an inversion code to back-calculate the size 47 
segregated particle concentration at the DMPS inlet from the particle concentration detected by the 48 
CPC (Pfeifer et al. 2014; Wiedensohler et al. 2012). A conventional DMPS sampling line inlet is a pre-49 
impactor to remove particles larger than 2.5 µm, which can be highly charged, and a drier to make the 50 
measurements more comparable between observation sites. These two together with e.g. long 51 
sample tubing, flow splits and valves can cause particle losses. This is particularly important for the 52 
sub-10 nm particles, which are efficiently lost by Brownian motion to the inlet line walls. 53 
The outlet of the sampling line is connected to an aerosol charger, which produces a cloud of 54 
bipolar small ions that diffuse and transfer charge to the particles. According to the current knowledge 55 
the charged fractions of sub-10 nm particles are in the range of 0.5 – 5% depending on their size (Fuchs 56 
1963; Wiedensohler 1988), while more recent studies suggest even lower charging probabilities at 57 
molecular sizes (Fernández de la Mora 2011). Thus, downstream of the charger the concentration of 58 
the charged particles entering the DMA is often low. As a summary, all the previous instrumental 59 
factors lead to the fact that the limit of detection of the DMPS systems are usually in the range of 10-60 
1000 (cm-3 in dN/dlog10Dp) in the sub-10 nm size range (Aalto et al. 2001). Taking into account these 61 
factors in the inversion, a single count in the DMPS system translates into tens or hundreds of particles 62 
in the inverted size distributions. 63 
Often, especially in the sub-10 nm size range, the number of counted particles, Nc, by the CPC 64 
can be low as discussed above, leading to counting uncertainties in the inverted concentration. This is 65 
because the particle sampling is a random Poisson process, in which the relative counting uncertainty 66 
can be estimated as √Nc/Nc (Kangasluoma and Kontkanen 2017). Further, inaccuracies in the inversion 67 
can originate from the characterization (or lack of it) of the sampling lines, charging probability and 68 
DMA penetration. All of these errors accumulate to the particle concentrations measured by the DMPS 69 
systems, making the sub-10 nm particle concentrations highly inaccurate (Figure 5 in Wiedensohler et 70 
al. 2012).  71 
Until 2011, the DMPS systems were limited to 3 nm in the lower end of size range, mostly 72 
because of a lack of a suitable detector. In 2011 Jiang et al. (2011b) put forward the first efforts to 73 
apply DMPS technology to detect atmospheric sub-3 nm size segregated particle concentrations. The 74 
SMPS of Jiang and co-workers (Jiang et al. 2011a) is similar to the DMPS system described above, the 75 
main difference being the diethylene glycol (DEG) based CPC used as the detector capable of counting 76 
the particles down to 1 nm (Iida et al. 2009). While the pioneering instrument of Jiang and co-workers 77 
stretched the capabilities of the DMPS technology, their instrument still suffers from most of the 78 
challenges of a DMPS system presented above. The “DMA train” developed by Stolzenburg et al. 79 
(2017) partly solves the challenge of low counting statistics with long counting time. However, because 80 
of many separate DMA-CPC pairs measuring in parallel, it is more complex and expensive than a 81 
conventional DMPS system. 82 
In this study we characterize a high flow DMPS (HFDMPS) which utilizes the state-of-the-art 83 
sub-10 nm aerosol technology: a core sampling system to minimize particle transport losses 84 
(Kangasluoma et al. 2016b), SEADM Half-mini type DMA (Fernández de la Mora and Kozlowski 2013), 85 
and Airmodus A11 (Vanhanen et al. 2011). Our goal is to optimize the DMPS technology that is 86 
applicable to atmospheric measurements in every aspect for sub-10 nm particle measurements. We 87 
characterize the HFDMPS system for particle penetration in the sampling line, charger, DMA and for 88 
the detection efficiency of the detector. The HFDMPS was operated at Station for Measuring 89 
Ecosystem – Atmosphere Relations (SMEAR) II station (Hari and Kulmala 2005) in Hyytiälä, Finland. 90 
The atmospheric sub-10 nm size distributions and particle concentrations obtained with the HFDMPS 91 
were compared to the Hyytiälä long term DMPS and Neutral cluster and Air Ion Spectrometer (NAIS). 92 
 93 
2 Experimental 94 
 95 
2.1 Description of the HFDMPS 96 
 97 
When using the HFDMPS (Figure 1) in ambient experiments, the sample is drawn from the 98 
atmosphere through a horizontal 50 cm long and 10 mm outer diameter (OD) steel tube with a flow 99 
rate of 10 L/min. No pre-impactor was used. Downstream of this main sampling line the HFDMPS 100 
utilizes core sampling, subsampling 5 L/min from the center of the 10 mm tube and approximately 101 
retrieving the atmospheric particle concentration (Kangasluoma et al. 2016b). The excess flow of 5 102 
L/min by-passes the instrument. Next, the sample is guided to a 14C radioactive charger, of which 103 
housing is a metal cylinder of 30 mm in diameter and 120 mm long. The source activity is 370 MBq 104 
and it is attached at the top plate inside the housing. 4 mm inner diameter air inlet and outlet are 105 
placed close to the top and bottom of the cylinder (Figure 1). The charger is followed by the long/fat 106 
(R1 = 4 mm, R2 = 7 mm, L = 20 mm) Half-mini type DMA (Fernández de la Mora and Kozlowski 2013). 107 
The DMA is operated at sheath flow rate of 100 L/min and aerosol flow rate of 5 L/min in recirculating 108 
mode (Jokinen and Mäkelä 1997). The sheath flow loop includes a blower, flow meter, air cooler, and 109 
a high efficiency particulate arrestance (HEPA) filter. With this arrangement, the pressure drop over 110 
the DMA is approximately 2 kPa. The negative classifying voltage of the DMA is stepped in 5 min with 111 
20 logarithmic steps between 90 and 5000 V. This converts to a size distribution measurements from 112 
1.5 to 10 nm in mobility diameter. The counting time at each voltage step is 10 s with a 5 s waiting 113 
time in between each of the voltage step. 114 
Downstream of the DMA outlet the Airmodus A11 (Vanhanen et al. 2011) detects the size 115 
classified particles. As the inlet flow rate of the A11 is 2.5 L/min, an additional bypass flow of 2.5 L/min 116 
is added downstream of the DMA to increase the particle penetration through the DMA. A11 is a 117 
mixing type CPC operated with DEG as the working fluid. The sample flow rate of 2.5 L/min is 118 
conditioned to 40 °C and mixed with a flow that is heated up to 70 – 85 °C and saturated with DEG. 119 
The mixed flow is taken into a cold growth tube with a temperature conditioning to 1 – 5 °C where 120 
particle growth takes place. The particles grow up to around 90 nm and are subsequently taken into 121 
a butanol CPC (Airmodus A20) which counts the grown particles. By scanning the flow rate going 122 
through the saturator, it is possible to scan the supersaturation with respect to DEG. This varies the 123 
lowest detectable particle diameter approximately in the size range from 1 to 3 nm (Lehtipalo et al. 124 
2014). In this study the A11 is operated at a fixed supersaturation with a flow rate of 1 L/min going 125 
through the saturator. 126 
 The Hyytiälä long-term DMPS (Aalto et al. 2001) is a twin-DMPS system. The DMPS 127 
samples through the roof of the Hyytiälä main aerosol cottage with the inlet at the height of 8 m. The 128 
main sampling line has a large flow rate of 150 lpm and 10 cm OD main sampling tube to bring the 129 
particles to various instruments. The DMPS samples from that flow through a 6 mm OD core sampling 130 
with an inlet flow rate of 5 lpm, which is dried with a silica gel drier. A 14C radioactive aerosol charger, 131 
similar to the one of the HFDMPS, is placed upstream of the twin-DMPS system, downstream of which 132 
two Hauke type DMAs (Winklmayr et al. 1991) are operated in parallel. The short DMA is operated 133 
with an aerosol flow rate of 4 lpm and sheath flow rate of 20 lpm followed by a TSI 3776 with undiluted 134 
aerosol flow rate of 0.05 L/Min. This ultrafine part of the DMPS measures particle size distribution 135 
between 3 and 40 nm. The long DMA operates at flow rates of 1 lpm aerosol flow rate and 5 lpm 136 
sheath flow rate, and uses a TSI 3772 as the detector. The fine DMPS measures particles size 137 
distribution between 15 nm and 1000 nm. A more in-depth characterization of the Hyytiälä DMPS 138 
system is given in Aalto et al. (2001). 139 
 Neutral cluster and air ion spectrometer (NAIS, Manninen et al. 2016; Mirme and 140 
Mirme 2013) measures ion and particle size distributions in the size range of 0.8-40 nm and 2-40 nm, 141 
respectively. The NAIS samples directly the atmospheric air with an inlet flow rate of 54 lpm, which is 142 
split into two channels to measure the particle size distribution via positive and negative corona 143 
charging, or ion size distribution without charging. The charged particles and ions are subsequently 144 
classified with a DMA column, which is composed of 21 insulated electrometer rings as the outer 145 
electrode. With a known geometry, classifying voltages and flow rates, each electrometer represents 146 
a fixed electrical mobility bin. Presuming a known unipolar charge equilibrium created by the corona 147 
needles, the currents measured by the NAIS electrometers can be converted into a particle number 148 
size distribution (Mirme and Mirme 2013). 149 
 During the atmospheric measurements these two instruments sample approximately 20 m 150 
away from the HFDMPS, and the sub-10 nm size distributions measured by these instrument are used 151 
as a reference for the HFDMPS. 152 
 153 
Figure 1. Schematic figure of the HFDMPS. 154 
 155 
2.2 Characterization of the HFDMPS 156 
 157 
We characterized the size dependent particle penetration through the core sampling line, 14C charger, 158 
DMA and t-split at the flow rates described in the previous section. The total penetration, P, through 159 
the HFDMPS system is described as a product of penetrations through the individual parts as follows:  160 
 161 
𝑃(𝐷𝑝)  =  𝑃𝑙𝑖𝑛𝑒(𝐷𝑝) ∙ 𝑓𝑐(𝐷𝑝) ∙ 𝑃𝐷𝑀𝐴(𝐷𝑝)       (1) 162 
 163 
where P is the total particle penetration probability from the HFDMPS inlet to the CPC optics, Dp is 164 
particle diameter, Pline is the product of penetrations through the sampling line, charger, t-split and 165 
the PSM, fc is the fraction of positively singly (+1) charged particles (Wiedensohler 1988), and PDMA is 166 
the penetration through the Half-mini DMA. PDMA was estimated according to the following 167 
relationship (Stolzenburg et al. 2018): 168 
𝑁2
𝑁1
|
𝐷𝑝
∗
= 𝑃𝐷𝑀𝐴(𝐷𝑝) ×  Ω(𝑓𝑣 ∙ 𝐷𝑝
∗, 𝐷𝑝, 𝜎)       (2) 169 
where N1 is the particle number concentration upstream of the DMA, N2 is the concentration 170 
downstream of the DMA,  Ω is the empirical diffusional transfer function (Eq. 13 in Stolzenburg and 171 
McMurry 2008), fv is a voltage adjustment parameter, Dp* is the centroid diameter of the tested Half-172 
mini DMA, and σ is the diffusional parameter. When characterizing PDMA and Ω using a tandem DMA 173 
system, the voltage of the first DMA (a Herrmann type DMA operated at resolution of approximately 174 
25) was fixed so that the selected particle size, Dp, was fixed. Dp* increased gradually with the 175 
increasing voltage of the tested Half-mini DMA. PDMA, fv, and σ were fitted to the data for each test 176 
particle diameter (Dp). Note that the test particles were not completely monomobile because of the 177 
finite resolution of the first DMA, thus the fitted σ was overestimated compared to the true σ that 178 
characterizes particle diffusion and imperfections (e.g., the potential flow distortions in aerosol inlet 179 
slit) in the Half-mini DMA (Fernández de la Mora 2017). However, the influence of non-ideal test 180 
particles on the fitted PDMA was negligible although the test particles were not completely 181 
monomobile. 182 
Eq. (1) is the traditional penetration characterization of a DMPS system. As especially in the 183 
sub-5 nm particle concentration measurements the number of detected particles can be low because 184 
of the low P, the counting uncertainties can become significant. Therefore a better measure, the PtQ 185 
value, of a DMPS performance is used. This parameter combines all the parameters affecting the 186 
number of counted particles, and is calculated as 187 
 188 
𝑃𝑡𝑄 (𝐷𝑝) =  −𝑃(𝐷𝑝) ∙ 𝑡 ∙ 𝑄 ∙ 𝛽 ∙
dln 𝐷𝑝
dln 𝑍𝑝
        (3) 189 
 190 
where P is the total penetration as in Eq. (1), t is the counting time at each voltage, Q is the undiluted 191 
aerosol flow rate in the CPC (in our case (2.5/3.5)*1 L/min = 0.7143 L/min due to dilution in the PSM), 192 
β is the DMA aerosol-to-sheath flow ratio and the product of β and –dlndp/dlnZp is the integral over 193 
the product of the DMA transfer function and dlndp (Stolzenburg and McMurry 2008). In essence, 194 
when the PtQ value is multiplied with the sampled particle concentration in terms of dN/dlogDp, the 195 
result is the number of raw counts counted by the CPC. Since the smallest nonzero number of raw 196 
counts is 1, which can be also considered as the DMPS limit of detection (LOD, cm-3 in dN/dlogDp), the 197 
inverse of PtQ, 1/PtQ, gives the DMPS LOD. In our case the DMPS limit of detection can be calculated 198 
as LOD = 3*ln(10)/PtQ. With this definition the LOD is defined as three counts during a measurement 199 
due to possible background count interference of one or two raw counts, and ln(10) converts the 200 
dN/dlogDp to 10 base logarithm.  201 
 The general approach to characterize the different parts of the HFDMPS was to measure the 202 
particle concentration of a known size upstream and downstream of the each of the measurement 203 
components, and compare the ratio of the detected particles. The test particles were generated with 204 
a glowing wire generator using NiCr wire (Kangasluoma et al. 2015b; Peineke et al. 2006) and size 205 
classified with a Herrmann type DMA (Kangasluoma et al. 2016a) operating at resolution (Z/ΔZ) (Flagan 206 
1999) of approximately 25. Downstream of the generator the particles were charged with a 241Am 207 
radioactive charger. From earlier mass spectrometric measurements we know that the particle 208 
composition with this configuration is (CrO3)xKy- or (CrO3)xKyOH-, where the number of potassium 209 
atoms is smaller than 2 at least below 1000 atomic mass unit (amu) sized clusters. Potassium probably 210 
originates from the metal wire as an impurity. 211 
 The sampling line was characterized with two TSI 3068B electrometers placed upstream and 212 
downstream of the sampling line. The size dependent particle penetration, Pline was measured 213 
between 1 and 5 nm. The penetration of the 14C charger, Pcharger, was measured in the same manner. 214 
Because of the ions generated inside the charger, the A11 was used to detect the particles 215 
downstream of the charger at supersaturation low enough for not to detect any ions generated by the 216 
radioactive source. In similar fashion, we measured the Half-mini DMA penetration, PDMA, by guiding 217 
a known concentration of size selected chromium trioxide ions between 1 and 5 nm to the DMA, and 218 
scanning the corresponding voltage range with the DMA. The DMA resolution was measured by 219 
generating positively charged monomobile tetraheptylammonium (THA+, C28H60N+) ions (Ude and 220 
Fernández de la Mora 2005) with the Herrmann DMA, and scanning the corresponding voltage range 221 
with the Half-mini DMA. The DMA resolution is defined as Z/∆Z, where ∆Z is the full width at half 222 
maximum of measured with monomobile positively charged tetraheptylammonium ion at 1.47 nm 223 
(Flagan 1999). Particle losses in the t-split were evaluated by measuring the size dependent particle 224 
concentration exiting the Herrmann DMA at 5 L/Min directly and with the t-split, and by comparing 225 
the ratio of the concentrations. During this measurement the particle production was stable. 226 
For the A11 detection efficiency, PA11, calibration we used two different test particle 227 
compositions to probe the composition dependent particle activation of DEG (Jiang et al. 2011a; 228 
Kangasluoma et al. 2014; Kangasluoma et al. 2016c). The particles were either chromium trioxide 229 
particles from the wire generator, or electrospray generated tetraheptylammonium bromide clusters 230 
(Ude and Fernández de la Mora 2005). In both cases the produced particles were charged with the 231 
241Am source before entering the Herrmann DMA, which size classified the negatively charged 232 
particles. After the size classification, the concentration detected by the A11 was compared against a 233 
TSI aerosol electrometer (3068B). The 3068B was operated at an inlet flow rate of 2.5 L/min and with 234 
identical sampling lines as the A11 to avoid diffusion loss corrections. 235 
 236 
2.3 Atmospheric measurements 237 
 238 
The atmospheric measurements with the HFDMPS were performed in Hyytiälä, Finland, at SMEAR II 239 
measurement station (Hari and Kulmala 2005). The HFDMPS was sampling ambient air from 22.4 to 240 
18.5.2017. The HFDMPS, sampling about 2 m above the ground level, was located in a container about 241 
20 m away from the cottage of the Hyytiälä DMPS and NAIS, the former taking its sample through the 242 
roof of the cottage while the latter sampling through the wall of the cottage. Due to the small 243 
differences in the sampling locations, transient deviations can exist in the sampled particle 244 
populations, which even out in the longer data set. 245 
The data inversion, following Stolzenburg and McMurry (2008), for the HFDMPS is performed 246 
as:  247 
 248 
d𝑁
d𝑙𝑜𝑔10𝐷𝑝
= −ln (10) ×
𝐶𝑜𝑏𝑠(𝐷𝑝)
𝑃(𝐷𝑝)
𝑄𝑠
𝑄𝑎
d ln 𝑍𝑝
d ln 𝐷𝑝
        (4) 249 
 250 
where dN/dlog10Dp is the inverted concentration, Cobs is the concentration observed by the CPC of the 251 
HFDMPS, Qa is the aerosol flow rate through the DMA, Qs is the DMA sheath flow rate and Zp is 252 
electrical mobility at Dp. As the largest size classified size is 10 nm, we assume all particles to be singly 253 
charged. During the atmospheric experiments, we observed interference from background counts in 254 
our HFDMPS. This background count rate of the HFDMPS was measured to be on average 0.1 counts 255 
per second. As measurement time at each voltage was 10 s that would on average result in one count 256 
per measurement, we subtracted two counts from each measurement, and added one count to each 257 
measurement with counts more than three. Because of this, our detection limit is also three counts. 258 
 259 
3 Results and discussion 260 
 261 
3.1 Characterization of the HFDMPS 262 
 263 
Earlier work indicate that the A11 detection efficiency depends on the chemical composition 264 
of the sampled particles (Kangasluoma et al. 2014). In Hyytiälä, boreal forest site, we can expect that 265 
the composition of freshly formed particles is strongly affected by low-volatile organic vapors (Ehn et 266 
al. 2014; Jokinen et al. 2017; Kulmala et al. 2013). Therefore, we conducted two separate calibrations 267 
for the A11: one with metal trioxides and another with hydrocarbon species, THABr. We selected 268 
THABr as the organic calibration compound, as currently no calibration methods exist which would 269 
produce oxidized pure organic atmospherically relevant aerosol particles at sufficiently high 270 
concentrations in sub-10 nm size range in a controlled manner. The measured d50 values for the CrO3 271 
and THABr particles were 1.4 and 2.0 nm, respectively. Thus difference in the measured d50 values is 272 
0.6 nm. This has implications on the limitations of sub-3 nm DMPS measurements, when the particle 273 
composition is dominated by organic species, or any other particles exhibiting similar activation 274 
efficiencies with DEG. The problem related to composition specific particle activation is examined 275 
more in depth by Kangasluoma and Kontkanen (2017). This will be also elaborated in the section 3.3.  276 
Figure 2 presents the penetration efficiencies of the HFDMPS sampling lines (product of 277 
transport line, charger, t-split and the PSM), charging efficiency, the total penetration, P, the PtQ 278 
parameter relating directly the number of counted particles to the inverted size distribution, and the 279 
LOD of the HFDMPS as a function of particle diameter. The penetration efficiency is dominated by the 280 
theoretical charging efficiency, while the DMA and line penetration are relatively high. 281 
The Half-mini DMA resolution with the operation settings of aerosol flow rate 5 L/min and 282 
sheath flow rate 100 L/min was approximately 7.8 at 1.47 nm, which is in line with the measurements 283 
of Fernández de la Mora (2017). The theoretically estimated transfer functions are shown in Figure 3. 284 
The DMA penetration was measured up to 4.5 nm similarly as the other parameters, and then 285 
extrapolated up to 10 nm. Function 1-e-a*Dp+b was fitted to the data. As reported by Fernández de la 286 
Mora (2017), this measured resolution at aerosol-to-sheath flow ratio of 0.05 deviates from the 287 
theoretical prediction of approximately 17. This deviation is due to the slit type aerosol feeding, which 288 
causes non-ideal flow profiles to the aerosol entrance in the DMA. Further, this transfer function 289 
broadening can possibly cause particle losses in the size classification region, which are not taken into 290 
account in our extrapolation. Thus, it is possible that the DMA penetration is slightly overestimated, 291 
which leads to underestimated inverted size selected concentrations.  292 
Possibly the largest uncertainty in P accuracy are related to the particle charging probability, 293 
which we are unable to speculate here. The second largest uncertainty is related to the A11 detection 294 
efficiency in the sub-3 nm sizes. Previous experiments suggest that the d50 is approximately 2.5 nm 295 
for limonene ozonolysis products at similar DEG supersaturation as we operate here (Kangasluoma et 296 
al. 2014). This would suggest challenges, or at the very least, large uncertainties in our sub-3 nm 297 
measured particle concentrations.  298 
 299 
Figure 2. Penetrations, PtQ and limit of detection of the HFDMPS. 300 
 301 
Figure 3. Theoretically estimated transfer functions for the DMA at flow rates Qa = 5 L/min and Qs = 302 
100 L/min. 303 
 304 
3.2 Comparison to the long-term DMPS 305 
 306 
From the atmospheric measurements we first discuss the measured 3-10 nm particle concentrations. 307 
The 3-10 nm particle concentration from the HFDMPS is directly compared to the Hyytiälä long-term 308 
DMPS, measuring about 20 m apart from the HFDMPS. On median during the measurement time 309 
period we find that the ratio of the detected concentrations between HFDMPS and DMPS is 1.78 310 
(Figure 4). The particle concentrations measured by the two DMPS systems correlate linearly. The size 311 
dependent concentration ratio measured by the DMPS systems shows that at smaller sizes the DMPS 312 
concentration underestimation is larger, as expected. This is partly due to smaller sensitivity of the 313 
DMPS, and possibly partly due to incorrect loss corrections because of the lack of experimental 314 
sampling line characterization, which, if wrong, cause larger errors in the smallest particle sizes. 315 
As the HFDMPS counts more particles than the DMPS, and its PtQ value is also larger due to 316 
smaller sampling losses and less dilution in the CPC, its counting uncertainties are also smaller. The 317 
minimum uncertainty of a single measurement can be estimated from the Poisson uncertainty as the 318 
square root of the number of counted particles, √Nc, which is the σ of the Poisson distribution 319 
(Kangasluoma and Kontkanen 2017). To compare the measurement uncertainties of the two DMPS 320 
systems, we selected time window of 10 am to 18 pm from the 15 days of new particle formation 321 
during the campaign, and calculated the size dependent median number of counts and counting 322 
uncertainties (Table 1). Because of the larger P and Q, and also PtQ value of the HFDMPS, the HFDMPS 323 
counts 3.5-9 times more raw counts than the DMPS depending on the particle size, and thereby the 324 
counting uncertainties are approximately two times smaller. 325 
 326 
Figure 4. Left hand panel shows the comparison between the particle concentrations in the size range 327 
of 3-10 nm measured by the HFDMPS and the long-term DMPS. Solid red line is the 1:1 line. Right hand 328 
panel shows the size dependent ratio of the measured 3-10 nm particle concentrations in four 329 
different size classes. 330 
  331 
Table 1. Size dependent median number of raw counts, Nc, [#] and counting uncertainties [%] for the 332 
DMPS systems from 15 particle formation days.  333 
  3-4.5 nm 4.5-6.5 nm 6.5-8.5 nm 8.5-10 nm 
DMPS raw counts 1 6 12 17 
HFDMPS raw counts 9 21 40 81 
Ratio 9.32 3.64 3.40 4.78 
     
DMPS uncertainty 72 40 29 25 
HFDMPS uncertainty 33 22 16 11 
Ratio 0.46 0.54 0.54 0.46 
 334 
3.3 Implications to the limitations of DEG based DMPS technology to measure sub-3 nm particles 335 
 336 
To examine the lowest detectable particle size of our HFDMPS in Hyytiälä conditions, we selected the 337 
strongest new particle formation event day (7.5.2017) from the observation period (Figure 5). The 338 
number size distribution immediately shows that only a very small concentration of particles is 339 
detected below 3 nm in size. This was the case during all other days when particle formation was 340 
observed. At channel 2.7 nm particles were detected only during a few scans, and practically no 341 
particles are detected below 2.4 nm. This observation can have two explanations: either the A11 342 
cannot detect particles smaller than 2.4 nm at the used supersaturation, which would be in qualitative 343 
agreement with Kangasluoma et al. (2014), presuming that the formed clusters were mainly 344 
composed of biogenic species. Another explanation would be that the atmospheric particle 345 
concentrations are below the HFDMPS detection limit.  346 
We examine the performance of the HFDMPS in the sub-3 nm size range by comparing the 347 
HFDMPS LOD to particle concentrations measured by the NAIS. Figure 5 lower panel presents the ratio 348 
of the concentration measured by the NAIS and HFDMPS LOD. At 3 nm the NAIS detects particle 349 
concentrations that are approximately 5-10 times larger than the corresponding LOD of the HFDMPS, 350 
while also at 2.4 nm the concentration detected by the NAIS is often larger than the HFDMPS. The 351 
comparison between the particle concentrations detected by the NAIS at sizes 2.4, 2.7 and 3 nm 352 
against the corresponding HFDMPS LOD strongly suggests that the lack of signal in the HFDMPS in the 353 
sub-3 nm is not due to too high HFDMPS LOD. Thus, we conclude that the most likely reason for not 354 
detecting sub-2.7 nm particles is that the A11 cannot detect the positively charged freshly formed 355 
biogenic particles in Hyytiälä at the used supersaturation. This will be revised before implementing 356 
the HFDMPS into the SMEAR II measurement capacity for an extended time period, and poses 357 
currently the largest challenge to the implementation of sub-3 nm DMPS technology to environments 358 
where biogenic particle formation dominates. Overcoming the challenge requires CPC methods 359 
capable of detecting charged hydrocarbon species down to 1 nm. Promising results have been recently 360 
reported by Barmbounis et al. (2018) who show the capability of detecting hydrocarbon species using 361 
butanol with efficiencies up to around 20% at 1.55 nm in mobility diameter by lowering the condenser 362 
temperature of the TSI 3025A down to 2°C. When combined to the flow rate tuning of the 363 
conventional unsheathed and high counting statistics CPCs presented by Kangasluoma et al. (2015a), 364 
such a CPC possibly could overcome the presented challenge. 365 
The observation of not detecting sub-2.4 nm particles suggests that if the detector is based 366 
on DEG and the supersaturation is set at the brink of homogeneous DEG droplet formation, the 367 
smallest detectable particle size is somewhere around 2-3 nm in environments, where organic species 368 
dominate. This is in line with previous studies, which reported calibrations for DEG based CPCs with 369 
organic test aerosol (Jiang et al. 2011a; Kangasluoma et al. 2014). Few recent studies have reported 370 
atmospheric particle concentration measurements with DMPS systems even down to sub-2 nm sizes 371 
(Cai and Jiang 2017; Jiang et al. 2011b; Kuang et al. 2012). The prerequisite for the success of such 372 
studies is that the particles can be detected with DEG. With the current knowledge, it is possible in 373 
environments, where the nanoparticle composition is dominated by e.g. sulfuric acid. This topic is still 374 
subject to large uncertainties because of lack of appropriate atmospherically relevant calibrations for 375 
the DEG based CPCs, and is similarly a challenge for supersaturation scan based experiments with the 376 
A11 (Kangasluoma and Kontkanen 2017). 377 
 378 
Figure 5. The upper panel shows a contour plot of a strong particle formation event on 7.5.2017. The 379 
lower panel shows the size classified concentrations detected by the NAIS divided by the HFDMPS 380 
limit of detection (LOD). Note the different time scales. 381 
 382 
Conclusions 383 
 384 
Our observations have few general implications on sub-10 nm particle concentration 385 
measurements: 386 
1) Optimization of sampling plays a crucial role in the accuracy of sub-10 nm particle 387 
measurements because of high particle diffusion losses. The complete sampling lines should 388 
be always experimentally characterized for the size dependent particle penetration. 389 
2) According to present knowledge, DMPS systems operated with DEG based CPC cannot be used 390 
for sub-2 (or sub-3) nm particle concentration measurements in systems where particles are 391 
biogenic species. This is not likely a problem for e.g. sulfuric acid driven systems, as already 392 
reported in previous studies. This is due to that supersaturation required to detect those 393 
organic species would produce also homogeneously formed DEG droplets, which would cause 394 
intolerably large background to the DMPS. That background, however, does not cause a 395 
substantial problem when using a DEG based CPC in a supersaturation scan mode, as the 396 
detected particle concentrations are much larger than the homogeneously formed DEG 397 
droplet concentrations.  398 
3) Increasing the number of counted particles leads to reduced counting uncertainties and better 399 
inversion. To enhance the counting statistics, the PtQ value of a given DMPS value must be 400 
evaluated and improved, especially if the DMPS system is used in low particle concentration 401 
environments. 402 
4) The largest sources of inaccuracy in the sub-10 nm particle concentration measurements are 403 
the lowest detectable particle size, not completely characterized sampling lines and possibly 404 
unknown charging probabilities.  405 
Related future work will be to begin long term measurements with the current HFDMPS, to calculate 406 
particle growth and formation rates for a longer time period, and compare them to the past obtained 407 
values. Also, efforts to create and apply a CPC usable in DMPS systems and capable of detecting sub-408 
2 nm organic particles should be put forward, which would enable the use of DMPS systems down to 409 
the limit of charger ion sizes in the measurements of organic systems. Further, charging efficiencies 410 
should be explored in the laboratory with the state-of-the-art aerosol instrumentation, while further 411 
calibration efforts should be put forward to be able to characterize the DMPS performance with 412 
atmospherically relevant test aerosol. Finally, careful efforts to combine sub-3 nm size distribution 413 
measurements from DMPS and PSM should be put forward. 414 
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